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Abstract

The emergence of the severe acute respiratory syndrome (SARS) that resulted in a pandemic in 2003 spurred a flurry of interest in the
development of vaccines to prevent and treat the potentially deadly viral infection. Researchers around the world pooled their scientific resources
and shared early data in an unprecedented manner in light of the impending public health crisis. There are still large gaps in knowledge about
the pathogenesis of this virus. While significant advances have been made in the development of animal models, the practicality of their use
may be hampered by a lack of pathological similarity with human disease. Described here are issues related to progress in vaccine developmen
and the obstacles that lie ahead for both researchers and regulatory agencies.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction province, China, in November of 2002. According to the

World Health Organization (WHO), the outbreak had spread
and eventually 29 countries were treating infected individ-
uals [1]. By the end of the outbreak in the summer of
2003, the number of SARS infected individuals exceeded

. . 0
T Tel: +1301 827 3660: fax: +1 301 480 7926, 8096 and resulted in 774 deaths, a fatality rate of 9.6%

E-mail address: taylord@cber.fda.gov. [1] :

Severe acute respiratory syndrome (SARS) was first
reported as a disease of unknown etiology in Guangdong

0264-410X/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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SARS is characterized by fever, cough and flu-like symp- and feline infectious peritonitis (FIP) virus are capable of
toms. Severe cases resulted in alveolar damage, interstitiatausing respiratory, enteric, neurologic and hepatic infections
mononuclear cells and heavy fibrin deposition in the lungs. [7].

Respiratory distress resulted in atypical pneumonia, requiring  Coronaviruses are positive-sense RNA viruses that repli-
ventilation for approximately 20% of patieni&]. The aim cate by a unique mechanism whereby the structural genes are
of this review is to describe the advances made in the devel-expressed as a nested set of subgenomic mRNAs, character-
opment of animal models for SARS and to identify gaps in ized by shared commonr 8nds and a conserved, cappéd 5
scientific understanding that need to be filled. By addressing leader sequendd]. The nonstructural genes are transcribed
and possibly overcoming these challenges and making usefrom the 3 end as a polyprotein that is processed by viral pro-
of the advances made, a safe and effective vaccine may beaeasesKig. 2 [4]). Proteins are translated from thedpen
attainable. The information here may provide the scientific reading frame of each mRNH].

basis for facilitating future regulatory decisions relatedtothe ~ SARS CoV has eight open reading frames of unknown

licensing of a SARS vaccine. function, but has structural proteins found in all coronaviruses
thatinclude the envelope (E), the matrix or membrane protein
1.1. Molecular biology of the SARS coronavirus (M), spike (S) and nucleocapsid (\}]. The S protein is

glycosylated and required for viral attachment and possibly

The causative agent for SARS is a novel member of the entry. The nucleocapsid protein coats the viral genomic RNA.
coronavirus family, termed SARS-Coj3]. Coronaviruses  Viruses that belong to group 2, such as MHV, also contain a
are large enveloped RNA viruses, so named for the radiatinghemagglutinin-esterase (HE) protein, which is not present in
spike proteins found at the surface of the viri6iigy( 1; [4]). other group$4].
There are three groups of related coronaviruses and SARS
may be a member of a new fourth gradp. Classification of 1.2. Immunological features associated with SARS-CoV
the SARS coronavirus has been controversial, although phy-
logenetic similarities may place the virus in a subgroup of  The flu-like symptoms and atypical pneumonia, charac-
the group 2 coronavirus¢s]. Human coronaviruses include teristic of SARS-CoV infection, was also frequently accom-
three members that cause common respiratory infectionspanied by lymphopenid8]. Alveolar macrophages were
[6]. Nonhuman coronaviruses include those that cause resprevalent in patients with fatal SARB] and contributed
piratory infections in birds, and enteric infections in cattle, to the immune-mediated nature of the disease. In situ
pigs, dogs and caf3]. Some of these viruses affect multi- hybridization showed that viral infection was present in alve-
ple organs, for example, both mouse hepatitis virus (MHV) olar epithelial cells and viral RNA could also be detected

Nucleocapsid protein

RNA

Membrane glycoprotein

Spike protein

Envelope protein

Fig. 1. Diagram of the SARS coronavirus structure. The outer virion proteins are marked by the spike proteins that form the corona-like prdjections. T
envelope and membrane glycoproteins are embedded in a lipid bilayer obtained from host-cell membranes. The viral RNA is coated with the nucleocapsic
protein[4].
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Fig. 2. Genome organization of SARS-CoV. Coronaviruses are among the largest RNA viruses. The full-length positive sense SARS CoV is approximately
30kb long. Nonstructural genes are encoded by ORFs 1a and 1b ihethe &f the virus. The structural genes (spike, envelope, membrane, and nucleocapsid)
are located in the’3nd, which includes as many as eight genes of unknown funfgtjon

in alveolar macrophages and bronchiolar epithelial cells 1.3. Animal models
[9].

Several studies have suggested that the immune system An additional challenge related to the containment of
may be impaired by SARS CoV. T-cell lymphopenia was SARS-CoV is the lack in identification of its natural host.
observed in 94% of patients observed, with a decline in Virus has been detected in wild and domestic anirfit$.
CD4+ and CD8+ cell typeg10]. Two weeks after dis- In 2003, the first people to be infected were animal handlers
ease onset, Thl cell-mediated immunity and inflammatory in a food market in Guangdong Province, China, suggest-
response was noted by the marked elevation of cytokines,ing a role for zoonotic transmissida7]. The SARS strain
IFN gamma, the neutrophil chemokine IL-8, IL-1, -6 and observed in animals varies only slightly from the human virus
-12, but not TNF, IL-2, -4, or -10. Accumulation of mono- and may represent a recent jump across species. The devel-
cytes/macrophages and neutrophils was also obsétiéd opment of good animal models will not only be useful for
Li et al. [12] noted that a rapid decline of T-cell subsets in identifying the natural host, but will be invaluable for deter-
the periphery was observed in patients during the acute phasenining correlates of immunity, for testing therapeutics and
of SARS infection, but they observed restoration of T cells vaccine development.
during recovery. The presence of proinflammatory cytokines A remarkable advance in SARS research came with the
may result from activated alveolar macrophages, suggest-discovery that mice were susceptible to infection with SARS-
ing that they may play a role in the pathogenesis of SARS CoV [18]. Balb/c mice were infected with $0or 1P 50%

[8]. tissue culture infective doses (TGJ§) and by day 2 after
Antibodies to the SARS coronavirus were found retro- infection, yielded 18and 10 TCIDsg per gram, respectively,
spectively in 1.8% of samples collected in 2001, indicating from lung tissue. Although no clinical disease was observed,
that the 2003 outbreak was not the first time that SARS had mild and focal peribronchiolar mononuclear inflammatory
entered the human populati¢h3]. Most infected patients infiltrates were observed upon microscopic examination of

developed a humoral response to SARS-CoV and antiviral the respiratory tract on day[28] after infection. The pres-
antibodies (IgG and IgM) were detected at 14 days post-onsetence of these infiltrates may suggest some mimicry with
of symptomg14]. IgM antibodies declined after 30 days and human clinical features, although much milder. The respira-
1gG antibodies persisted up to day 41@] and antiviral neu- tory tracts of the mice were cleared of the virus by day 7 after
tralizing antibodies were obtained from convalescent patientsinfection. Wentworth et al. found SARS-CoV in the stom-
[14]. Morbidity rates were greater for older individuals, while ach, intestine, and duodenum, in addition to the respiratory
children under 12 years of age did not develop the severe dis-tracts of infected mic§19]. Subbarao et al. also protected
ease that was seen in adylt$]. Taken together these data mice from infection by passive administration of SARS-
may suggest that the quality of the immune response mayCoV neutralizing antibody from previously infected mice,
play a role in the outcome of virus infection. suggesting that neutralization in vivo is possif8]. Mice
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clear the virus by day 7 post-infection, while humans begin ease resembling SARS after the monkeys were infected with
to clear the infection by days 9—18]. A small animal model SARS-CoV|[26,27] From day 3 post-infection, macaques
will allow researchers to test therapeutics and vaccines, andbecame lethargic, had a temporary skin rash, and one
because the mice recover from virus infection so efficiently, animal showed signs of respiratory distré&8]. Two of the

also identify host factors that contribute to virus resolution. macaques had interstitial pneumonia with lesions present,
Hamsters have also been shown to be agood model for SARSsimilar to autopsy tissue obtained from SARS pati¢P€].

CoV infection, reaching similar titers to those seen in mice Other groups have reported that cynomolgous macaques
[20]. show limited pathology, mild disease and upper respiratory
Surprisingly, immunodeficient mice can clear a SARS- symptoms[28,29] There is no apparent explanation for
CoV infection. Mice (C57BL/6 background) that lack NK-T  the discrepancy between these groups, possibly virus
cells (CDL /), NK cells (beige) or those that lack T and strain differences or monkey subspecies differences may
B cells (Ragt’~) cleared the virus by day 9 after infection account for the differences in outcome, but to conclude that
[21]. The mice displayed high induction of proinflamma- non-human primates most similarly mimic human disease is

tory cytokines, suggesting that the adaptive immune responsestill controversial.
and NK cells were not required for viral clearance in mice.
Furthermore, it indicates that the involvement of the innate 1.4. Considerations in vaccine development
immune response is important in controlling the virus. It
is interesting to speculate that interferon pathways may be Vaccine efficacy is measured by the ability of the anti-
important in viral clearance. gen to raise a protective immunologic response from B and
More evidence for the importance of innate immunity T cells after exposure to the viral agent. Ideally, by creat-
was provided through the infection of Statl-deficient mice ing memory within the immune system, individuals will be
with SARS-CoV[22]. Statl is important to the regulation protected from infection for decades. Several veterinary coro-
of interferons and Statl-deficient mice produced a two log navirus vaccines are currently available, but their efficacy is
increase in viral titer over control mice. Additionally, the variable. The vaccine for prevention of infectious bronchi-
mutant mice developed interstitial pneumonia, not seen in tis virus (IBV), which infects chickens, is effectiy80], but
the control mice[22] but not alveolar damage as seen in the canine and porcine vaccines are only partially effective
the lungs of human patients. It is unclear at this time if [31]. The feline infectious peritonitis (FIP) vaccine is actu-
the observed pathological differences between human andally deleterious to the health of the animal and is discussed
Statl-deficient mouse lungs were due to time of sampling or in further detail below32].
differences in host responsg]. Vaccines can be produced by inactivation of the virus,
Domestic cats and ferrets have also been tested forby using an attenuated or weak form of the virus, or by
use as a SARS-CoV animal model. Cats and ferrets wereusing recombinant forms of viral components. Inactivated
inoculated with 16 TCIDsg SARS-CoV. Cats showed virus vaccines are relatively safe because they cannot revert
no clinical symptomg23], while three out of six ferrets  back to the live form. They are also relatively stable and may
became lethargic and one died. Virus was recovered fromnot even require refrigeration. This is important in develop-
the lungs of infected cats (30 CIDso/1 gram of tissue) and  ing countries and for ease in mobilization during outbreak or
ferrets (16 TCIDso/1 gram of tissue23]. Experiments also  emergency situations. However, there are limitations to their
showed that horizontal transmission of the virus may have use. Inactivated vaccines usually require several doses and
occurred between cats that were housed together or ferretsome are weakly effective at stimulating animmune response.
that were housed together, although the kinetics and mode ofThe vaccine to prevent hepatitis A is an example of an inac-
transmission are still unknown. The non-inoculated infected tivated viral vaccind33].
ferrets became lethargic, developed conjunctivitis and died Live attenuated viral vaccines may require special labo-
at 16 and 21 days post-infection. While the ferrets did ratory development and cannot always be obtained. To reach
not show evidence of pneumonia, they did exhibit hepatic effective levels, the virus must be capable of robust replica-
lipidosis and emaciatiof3]. ter Meulen et al. showed that tion, but must have lost the ability to cause disease. Several
ferrets that were infected with SARS-CoV showed signs problems are associated with the use of a live attenuated vac-
of multifocal pulmonary lesions affecting about 5-10% of cine. These vaccines must be kept refrigerated or frozen, and
the lung[24]. Alveolar damage and lymphocyte infiltration have safety issues related to the possibility of reversion to the
was also observed upon histological examination of infected wild-type form. Additionally, they are almost never given to
ferret lung tissue. immunocompromised individuals for fears that the attenu-
Three species of monkeys have been tested for infectivity ated form may cause disease in the absence of an effective
with SARS-CoV: cynomolgus, rhesus and African green. immune responsi4].
African green monkeys supported the highest level of = Recombinant DNA or viral vectors have been constructed
viral replication, yielding a viral titer of approximately in the lab for use as potential vaccines or to study the tissue
10* TCIDsg/ml from nasal swabg25]. Some researchers tropism of the SARS viru§5,35] The vectors can be used
working with cynomolgus macaques reported signs of dis- to deliver foreign antigens using attenuated or nonpathogenic
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organisms. The safety of these types of vaccjBéscenters ends of the mRNAs. Evidence suggests that the SARS-CoV
around persistence of expression in vivo, possible genomicoriginated by recombination between coronavird&s44]
integration of the foreign DNA and possible evolutionary and that there was an additional host-species |di&t.
changes that may cause instability of the viral vector. The
potential transmission of the viral vector, including its intro-  1.6. Challenges in the development of a SARS-CoV
duction into the environment should also be evaluated. An vaccine
ideal recombinant vaccine might be engineered to include the
inherent ability of the foreign substance to be cleared by drug  Both large and small animals can be infected with SARS-
treatments that are proven safe, such as an antibiotic. Antibi-CoV, a giant advance for vaccine research. Examining
otic sensitivity introduced into a recombinant vector may infected animal models will provide information that will lead
allay fears of future adverse events although these designgo an understanding of the correlates of immunity. Mice have
may raise additional safety concerns. Recombinant proteinsbeen used to further the understanding of virus neutraliza-
can also be usedto stimulate the immune response. These prdion, cytokine upregulation and the minimum requirements
teins are purified from yeast or bacteria and currently used infor viral clearance, but have yet to show disease that mim-
the manufacture of a licensed hepatitis B vac¢B&]. ics the atypical pneumonia seen in adult humans. While there
The cell substrate used to manufacture all of these vaccineshave been some reports of disease in cynomolgous macaques
is also a concern so vaccine production must be performed in[26,27], many groups have not reproduced these findings
a well-characterized cell substrate. Vero E6 cells have been[28]. A promising animal model may be the domestic ferret.
used to produce the licensed poliovirus vac¢8i§ and may Ferrets show elevated liver enzymes, lymphocytic infiltra-
be appropriate for use in the development of a SARS vac- tion and alveolar damage, which has also been observed in
cine as SARS grows well in Vero cells. The FDA Center for humang8].
Biologics Evaluation and Research (CBER) issued a letter Despite the usefulness of these animal models, many
to sponsors using Vero cells as a cell substrate for investi- challenges lie ahead. First, animal models of SARS-CoV
gational vaccines which can be found on the CBER website infection do not mimic human disease. In mice, the virus is
[38]. Another consideration is the use of fetal bovine serum cleared in less than 1 week and minor pathology in the lung is
and bovine derivatives in the growth of cells. Bovine tissues observed18]. Histopathology performed on necropsy sam-
may contain the bovine spongiform encephalitis (BSE) agent. ples suggests that lung epithelial cells are involved, although
Guidelines on the use of BSE-free blood products appear onthe absence of pneumonia and infiltrating macrophfbgls
the FDA websit¢39] as do guidelines on the use of BSE-free is disappointing. Statl-deficient mice may prove promising
bovine derivatives in the production of vaccirjés]. as an animal model that most similarly mimics human disease
For viruses that have variable strains, a combination vac-[22]. Second, in order to test efficacy, large human popula-
cine may be effective. A combination vaccine is one that tions must be tested in areas where the virus is endemic.
consists of two or more live organisms, inactivated organisms Finally, if SARS fails to return, how will vaccine man-
or purified antigens combingdl]. This type of vaccine may  ufacturers test candidate vaccines for efficacy? While the
be useful to prevent multiple organisms or strains of 1 organ- animal rule has been provided for just this type of case,
ism. Each component must make a contribution to the whole an animal model should mimic human disease in order to

and compatibility of the components is necessary. be applicable. The final rule was published in the federal
register and can be found on the federal register website

1.5. RNA viruses and challenges for vaccine [45].

development Additionally, coronaviruses may induce a short-lived

immunity. This may be the reason that humans are subject

RNA viruses replicate through RNA-dependent RNA to multiple infections with coronaviruses that cause the com-
polymerase encoded by the virus. This type of polymerase mon cold. Long-term immunity studies for SARS-CoV are
has no proof-reading mechanism associated with it, which currently underway.
results in a high rate of uncorrected mutations. These muta- Antibody-dependent enhancement (ADE) has been
tions may or may not be lethal to virus replication and may observed in vaccinated and wild-type infections of FIP. ADE
even persist, resulting in rapid evolution of the virus. For this is thought to potentiate viral infection through the infec-
reason, many RNA viruses have multiple genomic strains, or tion of macrophages. Viral entry into macrophages occurs
quasispecies, present at one time in an individual. Quasis-when antibodies bind the virus and attach to macrophages
pecies may arise in response to selective immune pressureyia the Fc region of the antibody and its interaction with cell
thus allowing for escape mutants. The existence of quasis-surface expressed Fc recept@l8]. Neutralizing antibodies
pecies during SARS-CoV infection is just coming to light can also be enhancing antibodies if antibody titer is low or
[42] and their importance in escape from immune surveil- is of the IgG clasg47,48] Because macrophages increase
lance is still unknown. with viral disease, this cell type may provide an abundant

Most coronaviruses are thought to have the ability to reservoir for the virus and thus expansion of the virus in the
recombine due to homologous sequences in thanl 3 host. Some similarities between FIP and SARS exist. First,
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in both cases macrophages can be infected with the virusi.7.3. Recombinant viruses and virus-like particles

[9,49], and in the case of SARS, the etiology of disease is
contributed by infiltrating alveolar macrophages leading to
pneumonitig8]. Second, the treatment with corticosteroids
and/or interferon alpha ameliorates SARS dis¢&6§ sug-

Recombinant viruses may be used to elicit responses to
introduced SARS-CoV genes. The first type of recombinant
virus is a defective or non-pathogenic vector that expresses
SARS-CoV proteins. The second type is one thatis stimulated

gesting an inflammatory, immune-mediated disease. Whileto assemble virus-like particles (VLP) in vitro. VLPs con-

there has been no observation of ADE during SARS infec-
tion, it is worth noting that one coronavirus, FIPV, is capable
of eliciting ADE and in the evaluation of vaccines, we may
want to consider this possible outcome. However, the dif-
ficulty in testing animal models for ADE bears the caveat
that if ADE is not observed; it has not proved that vaccines
are safe with regard to ADE in humans. In contrast, if an
animal model for ADE is developed, we may learn more
about the mechanism of SARS-induced ADE, which may

taining the structural envelope proteins including spike (S),
envelope (E) and membrane protein (M) have been assembled
by coinfecting insect cells with three baculoviruses express-
ing one of the three structural proteifss].

Structural proteins expressed by the live attenuated bovine
parainfluenza virus type 3 (BHPIV3) were evaluated for effi-
cacy in hamsterg0] and African green monkey25]. High
titer neutralizing antibodies were obtained after only one
intranasal immunization with this vector. Single immuniza-

help form the basis for developing guidelines for safe vaccine tion with BHPIV3 expressing S alone provided complete

development.

1.7. Potential vaccine candidates and prototypes

1.7.1. Therapeutic vaccines and neutralizing antibodies

A potential SARS vaccine might target the virus specif-
ically through humoral or cell-mediated immune responses.
Alternatively, therapeutic vaccines may be useful in the
treatment of viral infection. Spike-specific monoclonal
and polyclonal antibodies that neutralize the virus have
been developed51,52] and passive transfer of immune
serum into naive mice protected them from infection with
SARS-CoV[18]. This suggests that neutralizing antibody
alone can prevent viral infection. Neutralization may not
require host recognition of the Fc region of the antibody,
but the need to develop humanized forms of these types o
antibodies may be critical if they are to be considered for

use as a treatment. A human monoclonal antibody, derived
from a phage display library, was administered to ferrets and
protected the ferrets from lung disease and the shedding of

virus in pharyngeal secretioifi24].

Neutralizing antibodies from convalescent patients have
been identified and characterized. Usually neutralizing epi-
topes are located in the spike protein of the vif28,52]

Recent evidence has determined that virus neutralization is

sensitive to deglycosylation of the spike protein, suggesting
that conformational epitopes are importantin antibody recog-
nition [53].

1.7.2. Inactivated SARS-Co V

SARS-CoV can be efficiently inactivated by ultraviolet
(UV) irradiation[54]. Mice immunized with UV-inactivated
SARS-CoV develop humoral and cell-mediated immune
responsefb5]. Both T cell proliferation and cytokine upreg-
ulation was observed after boosting with the inactivated
virus. Beta-propiolactone-inactivated virus also elicited neu-
tralizing antibodies when administered to Balb/c mig6]
Formalin-inactivated SARS-CoV vyielded potent humoral
responses in Balb/c mice as wglr].

protection upon challenge with SARS-C¢20,25]

Recombinant live attenuated modified vaccinia virus
Ankara (MVA) was used to deliver the SARS spike pro-
tein (rMVA-S) into Balb/c miceg[59]. Neutralizing antibod-
ies were obtained and a reduction in the viral titer was
observed after challenge with live SARS-C[B8]. Only fer-
rets that were challenged with SARS-CoV after vaccination
with rMVA-S showed enhanced liver disease as demonstrated
by increases in ALT values and the presence of mononu-
clear hepatitis upon histological examinat[60]. These data
suggest enhanced disease due to vaccination with a SARS
protein.

Adenoviruses expressing the S, M or N proteins were
used in combination to vaccinate rhesus macaffEsThe
immunized animals all had antibody responses to the S pro-

ftein and T-cell responses to the N protgga].

Highly infectious HIV particles expressing the S protein
have been made, primarily to study the host-cell distribu-
tion of the putative SARS-CoV recept{85]. Additionally,
investigating the requirements for viral receptor binding and
entry will also enhance our understanding of the requirements
for viral control. Recombinant HIV particles that express the
SARS spike protein may provide insightinto cell tropism and
receptor expression profil§35]. Another retrovirus, murine
leukemia virus, was used to generate infectious particles con-
taining most of the S protein. Convalescent serum was able
to neutralize infection of the recombinant virus in Vero cells
[62].

1.7.4. DNA vaccines

High cytotoxic T-lymphocyte (CTL) and antibody
responses were observed after mice were injected three times
with a recombinant plasmid vector expressing the N protein
[63]. Mice immunized with a plasmid containing the S protein
produced anti-SARS-CoV Ig@®4] and developed neutral-
izing antibodies and a T-cell mediated response resulting in
a six-fold reduction in viral titer in the lung$5]. Plasmids
encoding either the S1 or S2 regions of the spike protein
elicited antibody productionin migé6]. Neither the S1 or S2
antibodies alone were capable of neutralizing the virus; how-
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ever, cooperatively they enabled neutralization of the virus, ward direction will enable the public health community to
suggesting that both regions of the spike protein are impor- be ready.

tant for host-cell viral entry66]. The nucleocapsid protein

may also stimulate an effective immune response. DNA vac-

cination with calreticulin fused to the N protein generated A cknowledgments

SARS-specific humoral and cellular immunity in C57BL/6

mice [67]. Calreticulin was used because it was found to Kanta Subbarao, Edward Tabor, Miriam Darnell, Robin

enhance major histocompatibility complex class | presenta- | eyis and Hira Nakhasi are gratefully acknowledged for com-
tion of fusion proteins to CD8 (+) T cel[§7]. ments on the manuscript.
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potentially variable virus, we need to know what the occur- [10] cui w, Fan Y, Wu W, Zhang F, Wang JY, Ni AP. Expression of
rences of viral quasispecies are and how variable are the  Iymphocytes and lymphocyte subsets in patients with severe acute
important epitopes. What are the viral virulence factors and respiratory syndrome. Clin Infect Dis 2003;37(6):857-9.
can we use this information to develop an attenuated strain@11] Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, Chan IH, et al.
Can the virus establish persistent infection and can humans P_Iasma inflammatory _cytoklnes and chemol_(mes |n_ severe acute res-

. . . piratory syndrome. Clin Exp Immunol 2004;136(1):95-103.

be repeatedly infected? We also need to determine the innatey 2] Lj T, Qiu z, zhang L, Han Y, He W, Liu Z, et al. Significant
humoral and cell-mediated immune responses in recovered changes of peripheral T lymphocyte subsets in patients with severe
SARS patients in order to understand how viral clearance acute respiratory syndrome. J Infect Dis 2004;189(4):648-51.
comes about. To understand viral pathogenesis we must13] Zheng BJ, Wong KH, Zhou J, Wong KL, Young BW, Lu LW, et al.

. . . . SARS-related virus predating SARS outbreak, Hong Kong. Emerg
know how the immune system mediates disease. Whatisthe | . "r. 2004:10(2):176-8.

role of lymphocytic infiltrates and do alveolar macrophages [14] shi J, Wei z, Song J. Dissection study on the severe acute respira-
enhance disease or control infection? If we define the abil- tory syndrome 3C-like protease reveals the critical role of the extra
ity of the virus to replicate in monocytes/macrophages can domain in dimerizatk_)n of th(_e enzyme: _defining the‘ext_rall domain_as
we be assured that antibody-dependent enhancement willnot @ new target for design of highly specific protease inhibitors. J Biol
be a problem for a SARS vaccine? Most importantly, identi- Chem 2004:279(23):24765-73.
. _p . ’ P Ys [15] Ng PC, Leung CW, Chiu WK, Wong SF, Hon EK. SARS in new-
fication of the natural animal host may launch the further borns and children. Biol Neonate 2004:85(4):293-8.
development of large and small animal models for corre- [16] Guan Y, Zheng BJ, He YQ, Liu XL, Zhuang ZX, Cheung
lates of immunity and drug and vaccine screening. Devel- CL, et al. Isolation and characterization of viruses related to
opment of an animal model that mimics human disease the SARS coronavirus from animals in southern China. Science
ill be the single most important advance in the develop- 2003:302(5643):276-8.
wi 9 . p ; P [17] Breiman RF, Evans MR, Preiser W, Maguire J, Schnur A, Li A, et
ment of a SARS vaccine. Development of a vaccine for al. Role of China in the quest to define and control severe acute

SARS-CoV is imperative and research headed in a for- respiratory syndrome. Emerg Infect Dis 2003;9(9):1037—41.
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